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Abstract: In order to reduce the high costs of conventional materials, and to reduce the power
necessary for the deposition of titanium dioxide, titanium tetrabutoxide has been developed in the
form of a suspension of TiO, using water instead of expensive ethanol. To avoid sedimentation of
hydroxide particles in the suspension, mechanical milling of the suspension was conducted in order
to create diffusion in colloidal suspension before using it as feedstock. Consequently, through the
creation of a colloidal suspension, coating deposition was able to be conducted without sedimentation
of the hydroxide particles in the suspension during the deposition process. Though an amorphous
as-deposited coating was able to be deposited, through post heat treatment at 630 °C for 60 min,
the chemical structure became anatase rich. In addition, it was confirmed that the post heat treated
anatase rich coating had enough photo-catalytic activity to decolor methylene-blue droplets. From
these results, this technique was found to have high potential in the low cost photo-catalytic titanium
coating production process.
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1. Introduction

Thin titanium oxide films for photo-catalytic application (anatase TiO;, etc.) can be deposited
by various deposition techniques such as sputtering [1], metalorganic chemical vapour deposition
(MOCVD) [2], spray pyrolysis [3], the sol-gel process [4], thermal spray [5-8], or by various other
methods. However, there are several engineering problems associated with these deposition processes,
such as the necessity of vacuum equipment, low deposition rates, deposition time, the requirement
of special and costly equipment, as well as feedstock powder [9]. Recently, some atmospheric
thermal plasma processes for titania deposition have been successfully developed [10]. It is still
difficult to develop the atmospheric thermal plasma process, especially in cases where low power
DC arc discharge equipment is being used. In our previous study, in order to reduce equipment
costs, a thermal spray process for photo-catalytic titanium oxide coating was fabricated using
1 kW class Atmospheric Solution Precursor Plasma Spray (ASPPS) equipment. Titanium oxide film
deposition was then carried out [9,11]. Although photo-catalytic anatase rich titanium oxide films
were successfully deposited, the feedstock cost could not be decreased because of the necessity of
expensive anhydrous ethanol which is required to create the low viscosity titanium iso butoxide
solution (TTIB, Ti(OC4Hy)4) without hydration of TTIB due to residual water in the ethanol. Although
the anhydrous ethanol-titanium-oxide-suspension method is a possible solution to the above problems,
it is difficult to use this method in practice. This method creates large secondary particles as a result
of hydrolysis due to the presence of TTIB as well as the fact that titanium dioxide is insoluble in
water. It has large particles, which solidify when in contact with water (hydrolysis). These properties
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prevent the suspension from being stable and mixing with nanoparticles in water. It is also difficult
to inject or spray such a mixture. Titanium tetra-butoxide was developed in the form of a titanium
hydroxide suspension by using nothing but stable water to prepare the titanium hydroxide suspension
and then by milling and filtering the suspension. The suspension plasma spray (SPS) that developed
new feedstock material seems to be highly promising as a low cost starting material and in the rapid
formation of functional thin films.

2. Experimental Procedure

2.1. Method

The tools used for mixing titanium oxide with water are shown in Figure 1. They consist of
a micro filter, a mixer, and a special container (mortar and pestle) for mixing as well as for crushing
and grinding. An amount of 2 mL of TTIB is diluted with stable water, and 20 mL of water is gradually
added to the TTIB. It is then mixed from one to 4 min before performing suspension filtration, in which
we force large particles to pass through the holes of the filter and take the shape and size of the filter
holes in the form of submicron particles. In order to reduce the particles to a smaller size than the holes
of the filter, we use milled particles. We continue mixing the suspension after this grinding/milling
process, until the suspension is ready to use and is then injected into the plasma jet. Titanium oxide
deposited by the suspension plasma spray is shown in Figure 2. Heat treatment is then performed on
all samples using an electric furnace. The heat treatment is performed by gradually increasing the heat
of the samples from 30 to 630 °C for approximately 60 min.
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Figure 2. Illustration of the estimated film deposition mechanism in this suspension plasma spray
(SPS) process.
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The equipment used consists of a plasma torch, a DC power feeding system, an air pressure spray
(starter material feed), and a working Ar gas feeding system. The plasma torch is cooled by a water
flow around the nozzle. The anode, which has a suspension feeding port at its head, has a constrictor
that is 6 mm in diameter. The nozzle shown in Figures 3 and 4 explain how this equipment was made
for the experiment in this study. In order to promote the vaporization of the starting material and to
raise the temperature of titanium particles, Ar was used as the working gas. Mass flow rate of the
gas was fixed at 5-10 SLM, and the discharge current was fixed at 50-60 A. The titanium hydroxide
(Ti(OH)4) suspension submicron particles were suspended in water.
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Figure 3. Schematic diagram of the SPS equipment.

Figure 4. Plasma jet generated by our thermal spray equipment.

2.2. Plasma Spray Parameters

Titanium oxide deposited by suspension plasma spraying is shown in Table 1. The anode, which
has a suspension feeding port at its head, has a constrictor that is 6 mm in diameter. The nozzle
shown in Figure 4 demonstrates how this equipment was configured for the experiment in this study.
The anode is 450 mm in length and 20 mm in width.
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Table 1. Suspension plasma spray parameters used to deposit the TiO, coatings in this study.

Process Parameter Value
Sandblasting realized Always
Working gas composition Ar
Working gas flow rate, L/min 5-15
Spray distance, mm 100-150
Discharge current, A 60-50
Constrictor diameter of plasma torch nozzle, mm 6
Feedstock Ti(OH)4 suspension *
Feedstock feed rate, mL/min 11
Feedstock injection port, diameter, mm 0.4
Deposition distance, mm 60-80

* Created by hydrolysis of titanium tetraisobutoxide (TTIB, Ti(OC4Hy)4) (volume ratio of TTIB/H,O = 2/20).

2.3. Suspension Preparation

Ethanol has solvent properties and is a versatile solvent, miscible with water and titanium tetra
butoxide among many other materials. However, it is expensive. One way to solve the problem of cost
is to use a starting material that does not require ethanol and which uses only distilled water. In this
process, the reaction between the alkoxide precursor and the desired amount of water occurred in an
anhydrous alcohol medium. The hydrolysis and condensation reactions can be summarized as follows:

>(.I‘IydI‘OIySIS TI(OC4H9)4 + 4H7_O — TI(OH)4 + 4C4H90H (1)

*Polymerization and crystallization (in the plasma jet and on the substrate):

2
Tl(OH)4 — TiOz + 2H20 ( )

It is difficult to inject or spray the suspension before the filtration process because of the size of
the particles. Therefore, it is necessary to use equipment to facilitate mixing titanium oxide with water.
The equipment consists of a filter funnel, a mixer, and a special container (mortar and pestle), which
is used for crushing, grinding, and mixing, as shown in Figure 5. Then begins the process of mixing
for one to four minutes before the commencement of suspension filtration in which we force large
particles to pass through the holes of the filter and take the shape and size of the holes to form of
submicron particles. In order to obtain a smaller particle size than the holes of the filter, we use the
milled particles, and mix the suspension after this process until the suspension is ready for use. At this
point, it is injected into the plasma jet.

Ti{OC,H,), (2ml)  H2O (20 mi)

\ f ydrolysi (_,T|(0H)4 suspension

1

mix filtratior

Figure 5. The shape of submicron particles.



Coatings 2017, 7, 40 50f8

2.4. Injection Method

A radial injection of the suspension feedstock was made by using two different modes: (i) an
internal injection mode (Figure 6a) using an airbrush atomization feeding system, which was 0.4 mm
in diameter in Table 1, and an internal port 6 mm in diameter; (ii) an external injection mode (Figure 6b)
using the same system, where the suspension is first atomized and then injected into the plasma jet.

Plasma jet

Plasma Torch

(a) (b)

Figure 6. Configuration of the suspension plasma spray torch. (a) Illustration of the feedstock injection
port; (b) Appearance of the plasma jet.

3. Results and Discussion

3.1. SPS Titanium Oxide Film

The coated samples before heat treatment seemed to be in an amorphous phase (Figure 7).
When the deposition was performed with a low substrate temperature, the starting material did not
have enough mobility to form a crystalline structure. Following that, heat treatment was conducted on
all of the titanium oxide films that were deposited on the substrate. The films were heated gradually
from 30 to 630 °C with a temperature increase of 10 °C-min~! for approximately 60 min. In respect
to the XRD patterns of the heat treated films, anatase crystalline peaks appeared for all samples and
became sharper by increasing distances from d = 60 mm to 80 mm. Figure 8 shows the XRD pattern
of the samples deposited at 80 mm, 60 mm deposition distance. At 80 mm in deposition distance,
the starting material heating time was longer than that of the 60 mm sample. Therefore, the quantity
of deposited particles at 80 mm was thought to be higher than the quantity of the 60 mm sample.
From these results, it was proven that crystallization of the titania films occurred during heat treatment.
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Figure 7. XRD patterns of SPS films before heat treatment. (d = deposition distance, B: Fe (substrate)).
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Figure 8. XRD patterns of SPS films after heat treatment (d = deposition distance, ®: Anatase, ll: Fe
(substrate)).

The top-surface and cross-section micrographs of suspension sprayed coating using differing
distances are shown in Figures 9 and 10. The microstructural investigations revealed that the
suspension plasma coating presented a morphology, which was caused by the way that the suspension
was injected into the plasma jet. The coating, in the case of 60 mm in spray distance (4 = 60 mm), is
homogeneous and has a grainy structure. The top-surface microscope analyses revealed the presence
of agglomerates of grains that are porous, loosely bound, and have a thick film. On the other hand,
in the case of 4 = 80 mm, the film had a grainy and porous structure. The difference in the coatings’
microstructure and surface shape can be related to the type of suspension and evolution of the
suspension droplets in the plasma jet. According to the particle sizes shown, the film deposition rate
dramatically increased with increasing deposition distance (Figure 8).

Figure 9. Micrographs of suspension sprayed coating deposited at d = 60 mm. (a) Top-surface;
(b) Cross-section.

Figure 10. Micrographs of suspension sprayed coating deposited at d = 80 mm. (a) Top-surface;
(b) Cross-section.
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3.2. Photocatalytic Activity of TiO, Coating

In order to confirm the photo-catalytic property of the coatings, photo-catalytic activity of the
sprayed TiO, suspension coating was evaluated by using UV irradiation equipment and measurements
of the degradation of an aqueous solution of methylene-blue were conducted (decoloration test)
(Figure 11) [9]. Figure 12 shows the results of the methylene-blue decoloration test in the case of
the coating deposition at a distance of d = 80 mm. In both cases of the coatings at the distances of
d = 60 mm and 80 mm, decoloration could be confirmed after 1 week of UV irradiation. From these
results, it was confirmed that this technique has enough potential to deposit photo-catalytic titanium
oxide films.
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Figure 11. Schematic diagram of the equipment used in methylene-blue decoloration test.

(b)

Figure 12. Results of methylene blue decoloration test when the coating was deposited at d = 80 mm
(d = deposition distance). (a) Before UV irradiation; (b) After 7-day UV irradiation.

4. Conclusions

In order to develop low cost materials that can be used for the titanium dioxide film deposition
process, deposition of high-rate film using low cost materials was carried out. Thick photo-catalyst
film was obtained using an atmospheric suspension plasma spray with spray injectors as a fabrication
process. Consequently, anatase film was obtained, and it was confirmed that the anatase films had
photo-catalytic properties by using a methylene-blue droplet test and its decoloration test. From these
results, this low cost starting material with atmospheric SPS has the potential for a high rate and low
cost, functional, oxide film deposition.

Author Contributions: H. Sagr Hadi A created the SPS equipment for this study, conducted TiO; film deposition,
investigated macrostructures of deposited films by optical microscope and XRD. Y. Ando designed and created
the advanced prototype of the SPS equipment using a commercial arc welding equipment.
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